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Abstract 
Transboundary haze pollution has been a regular phenomenon since the last decades, particularly in ASEAN region.  It was due 
to forest and land fires, which dominated by peatland fire. In contrast to a great impacts of the smoke haze, study on this area is 
still limited. Therefore, this study aimed to simulate smoke dispersion forecasting from forest and land fires in Indonesia. The 
output of the study can be used for supporting Fire Danger Rating System of forest and land fires occurrences. Simulation of 
smoke dispersion as hindcasting used Weather Research and Forecasting with Chemistry (WRF-Chem) model on forest and land 
fires cases occurred on 19 and 22 June 2013 for Pekanbaru-Sumatera region. Data used for this study were coming from Global 
Forecast System (GFS) with 0.5º resolution and Emission Database Global Atmospheric Research (EDGAR).Simulation results 
for Carbon Monoxide (CO) concentration as output of WRF-Chem indicated an identical pattern with Total Column CO - 
Atmospheric Infrared Sounders (AIRS-NASA) data with correlation of 0.61 – 0.98. The study revealed that WRF-Chem is able 
to forecast smoke dispersion from forest and land fires. Thus,it is possibly to include this study as one of early step in Early 
Warning System for smoke dispersion from forest and land fires in Indonesia. 
© 2015 The Authors.Published by Elsevier B.V. 
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1. Introduction 
Forest and land fires have been an important environmental issue due to haze impact and carbon emission 
produced [1].  The main impact of the fires is haze production with particulate emission, which is dangerous to 
human health [2]. Fires occurred in Indonesia was dominated by smoldering process from peat fires that produce 
high particle and carbon monoxide emission. Wild land fires release carbon emission in form of carbon dioxide, 
carbon monoxide, hydrocarbon, particulate matters, and other materials with decreasing content [3]. The CO content 
in general is produced by incomplete combustion from moist fuel such as peat.  Besides other air pollutant, CO 
content emitted from forest and land fires is a function of combustion efficiency [4]. EPA [5] indicated that forest 
fire is one of the largest pollutant sources of CO other than that from vehicles and industrial sectors. 
Forest and land fires disaster is not only causing local or national impacts, but also become regional disaster. 
Smoke haze concentration dispersion did not only affect at fire location areas, but also extended to other neighboring 
countries of ASEAN region, such as Singapore, Malaysia and Brunei Darussalam. The most pronounced impacts are 
the decreasing of visibility, disturbing air and land transportation network, increasing acute breath infection victims, 
and creating socio economic problem of community [6]. Therefore, early detection for smoke dispersion need be 
established to provide early warning system to community and related institutions to anticipate fire haze disaster.   
Lack of information on smoke dispersion in fire prone areas has also support the decreasing of community health 
in affected areas. One of the components in early warning system is smoke dispersion.  This study developed smoke 
dispersion prediction from forest and land fires using Global Forecast System (GFS) and global emission in 
Sumatera and Kalimantan areas. Smoke haze dispersion simulation was modeled using Weather Research and 
Forecasting with Chemistry (WRF-Chem) which is a coupled weather prediction model with chemical content. This 
model simulated emission, transportation, and mixing, chemical transformation from gas and aerosol footprints 
together with meteorological process [7]. 
Previous studies conducted by Yang [8] has developed smoke dispersion simulation from fires in North Africa 
using WRF-Chem and diversification using Aerosol Optical Depth (AOD) data from Aerosol Robotic Network 
(ARN) and Cloud-Aerosol Lidar data with Orthogonal Polarization (CALIOP). On the other hand,Zhang [9] 
performed a comparison of  model simulation of WRF-Chem with air quality measurement data in Mexicocity. In 
South Asia Selatan region, the study was firstly conducted by Kumar [10] with annual tropopheric ozone simulation 
using WRF-Chem compared to observation data. 
2. Methodology 
2.1. Study Area  
The study was conducted for Sumatera and Kalimantan as fire prone areas in the period of June-July-August 2013 
(Figure 1). Geographycally, Sumatera and Kalimantan located between -5º57'53.58" - 5º42'57.32" Southand 
95º5'16.41" - 119º4'5.81" East. Sumatera island is the sixth largest island in the world which covers an area of 











Fig 1. Study area 
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2.2. Materials and Tools 
Data used in the study were wind direction, temperature, relative humidity, and rainfall from Global Forecasting 
System (GFS) with 0.5ºresolution. These are realtime data that were released four times a day bythe National Center 
for Environmental Prediction - National Oceanic and Atmospheric Administration (NCEP-NOAA). Those GFS data 
were used as a background (early condition and border condition) to run smaller scale prediction [11]. The ability of 
NCEP-NOAA has been increased significantly in the last two decades, though its quality in tropical area is not 
satisfied due to lack of observation [12]. Besides, Emissions Database for Global Atmospheric Research (EDGAR) 
from Joint Research Center – International Environmental for Sustainability (JRC-IES) were also used. Both data 
were used as input for WRF-Chem model to develop smoke haze prediction simulation model for forest and land 
fires. Landusedata and topographyfromUS Geology Survey (USGS) were also used as data input for dispersion 
model.  
Data used for verification purpose was hotspot data from Fire Information for Resources Managements Systems 
(FIRMS), the Moderate Resolution Imaging Spectroradiometer (MODIS) and National Oceanic and Atmospheric 
Administration (NOAA18) satellite data. Moreover, Total Column Carbon Monoxide (TCCO)  data from 
Atmospheric Infrared Sounder Data (AIRS-NASA) was also used. The data was resulted from satellite instrument 
that measure carbon monoxide content in the atmosphere by detecting how much radiation absorbed by carbon 
monoxide molecules at wavelength of infrared/mikrowave(IR/MW) on spectral range. AIRS is a global data with 
resolution of 1º x 1ºand used Hierarchical Data Format (HDF data format). 
Data processing used to support this study was WRF-Chemnumeric model that was developed by collaboration of 
some scientists of NOAA Earth System Research Laboratory (ESRL). Eulerian approach was employed to simulate 
smoke dispersion model. This approach provides benefit for grid to be permanent and able to solve the problem 
where dispersion is a dominant factor. Furthermore, Eulerian approach can solve transport problem by integrating 
advection-dispersion equation through permanent computation grid [13]. Tools of GIS ARCMAP 9.2 and ERDAS 
9.1 were used to analyse and overlay satellite image of MODIS, hotspot and AIRS. Grid Analysis and Display 
System (GrADS) was used as interactivetoolsto provide access, manipulation, and visualization of atmospheric and 
earth data. 
3. Data Analysis 
3.1. Data Analyses for Smoke Dispersion Simulation 
WRF-Chemdispersion model data was inputed in the form of formatted grid of Network Common Data Form 
(NetCDF). Before the data input of WRF-Chem, gridding  process was used for landuse and topography, which was 
followed by ungrib process for GFS data of 0.5ºusing WRF-Preprocessing System (WPS), which causing changes in 
data model to be met grid.  
Weather prediction data for weather prediction of GFS has low spatial resolution (0.5º x 0.5º). Thus,to achieve 
more high spatial quality, the resolution needs to be sharpened (downscaling). Downscaling was done to 
createspatial resolution of 25 km x25 km to be able to predict in three days in advance. To run smoke dispersion 
simulation model, parameterizing of physical scheme, weather dynamic as well as chemical parameters are required.  
Model physical parameterization scheme is described in Table 1. 
Table 1.Physical parameterization scheme of WRF-Chem model. 
Physics and dynamic Cumulus Microphysics Surface layer Boundary layer 
 Grell 3D Lin et al. Monin-Obukhov YSU 
Chemistry ChemOpt Chemin Opt Emission Opt  Photo Opt  
 RADM.2 Ideal Profile Gocart Simple Emiss Madronich 
 
The final output of smoke dispersion model simulation of WRF-Chemin control file (ctl) format can be analysed 
using GRADS application. 
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3.2. Data Analyses of Total Column CO AIRS 
Using satellite observation data to verify smoke dispersion model is really beneficial since it is difficult to have 
surface observation data (direct measurement) on the fire location which were commonly located in remote areas 
such as forest and land. The overlay of Total Column CO data and MODIS satellite data were used to determine 
smoke dispersion location. So that, information taken from satellite observation data are smoke dispersion area and 
CO concentration in the certain area. 
3.3. Model Verification 
Model simulation as a result of the study needs to be credible. it means that the model can represent actual system 
which needs to be verified. Verification itself aimed to prove false or true of the object position [14]. 
Verification of model simulation result with satellite observation data employed qualitative approach to describe 
spatial pattern of both objects. The Quantification method was applied to compare maximum CO concentration 
resulted from WRF-Chem model simulation and Total Column CO data of AIRS on the same location and time. The 
analyses will resulted in correlation value, Root Mean Square Error (RMSE) and error between model simulation 
and satellite observation data using Kyun equation [15]. Whereas, error value was determined by using De Foy [16] 
















Where, F is a forecast model value and O is observation value. Prediction method is satisfied when correlation 
value is high and error value is low while correlation value of 0 shows no correlation and 1 shows significant 
correlation [17]. Flowchart of the study is described in Figure 2. 
4. Results and Discussions 
4.1. Identification of Smoke Dispersion of MODIS Images  
Identification of smoke from satellite image of Aqua-Terra MODIS was analyzed using reflectance correction 
on the earth surface object. Roy [18] found that the best approach for the smoke identification of the MODIS image 
can be perforned using the change in the value of wave infrared reflectance that will get smoke dispersion appeared 
more clearly. As a comparison, image data from NOAA 18satellite image shows clearly the distribution of the 
smoke (yellow color). This image has been analyzed by The Asean Spesialized Meteorological Centre (ASMC-
Singapore). Figure 3 is a capture of MODIS satellite (above) and NOAA 18 satellite (bottom) which have been 
overlaid with hotspot distribution in Riau (Sumatera) on 19 June 2013 and in Pontianak (Kalimantan) on 14 August 
2013.  
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Fig. 3.Capture MODIS (above) and NOAA 18 (bottom) image and hotspot in Sumatera (19 June 2013) and Kalimantan (14 August 2013). 
The capture MODIS and NOAA 18 image showed a similar distribution pattern, that smoke dispersion moved 
significantly to eastward. Smoke dispersion from Riau move towards Malaka straits and entered most part of 
Malaysia and continue to move to spread to east direction.  While the fire smoke from Pontianak is dominantly 
distributed eastwards also and smoke moved towards Serawak-Malaysia 
4.2. Identification of Smoke Dispersion of WRF-Chem Model 
Simulation model of smoke dispersion of CO of WRF-Chem on the forest and land fire occurrences on 19 June 
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Fig. 4. Simulation prediction model of smoke of WRF-Chem in Sumatera and Kalimantan 
The differences of color pattern show the different  level of CO concentration. Maximum dispersion of CO 
simulation on 19 June 2013 shows that the dispersion pattern was concentrated on three regions, namely most part 
of Sumatera, Malaysia and eastern part of Malaysia, with dispersion concentration level of 0.08 – 0.09 parts per 
million by volume (ppmv). Meanwhile, smoke dispersion on 14 August 2013 distributed on Pontianak and part of 
Serawak-Malaysia with concentration ranges 0.0792 – 0.0793 ppmv.  
Meteorological parameter plays important role in determining smoke dispersion from forest and land fires.  The 
wind determines direction of smoke dispersion and has positive correlation to fire spread velocity [18]. Wind pattern 
in Sumatera is dominant to the eastern part and Malaka straits which bends to the north eastern part. Furthermore, 
wind circulation in Kalimantan  was concentrated in the northern part of Malaysia that caused the smoke dispersion 
concentrated only in Pontianak and spread unwidely from the initial source. In addition, the wind moved to western 
part, then to the north and moved back to the south, hence smoke dispersion from forest and land fires is not broadly 
distributed. Model simulation results shows maximum wind velocity of the surface area in Sumatera and Kalimantan 
was in the range of 10 m/s. 
4.3. Verification of Smoke Dispersion of WRF-Chem Model 
To strengthen the identification of smoke dispersion from MODIS image, It was overlaid with theTotal Column 















Fig 5.Overlay result between MODIS image and total column CO data of AIRS on 19 June 2013 in Sumatera and on 14 August 2013 in 
Kalimantan 
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The overlay of AIRS data with MODIS was conducted to get the spatial distribution of the total column CO 
above Sumatera region and Kalimantan which will be compared with the output of WRF-Chem model, so the spatial 
distribution of total column CO has known between both of them. The Data of TCCO AIRS was noted as green-
brown grid which shows various concentration. TCCO AIRS data pattern on 19 June 2013 shows the smoke were 
dispersed in most part of Sumatera, Malaka straits, and northern part of Malaysia, whereas on 14 August 2013 most 
smoke were dispersed above Pontianak. Overlay analysis results show that forest and land firse occurrences on 19 
June and 14 August 2013 indicated that the smoke dispersion pattern is similar to TCCO AIRS data with model 
simulation from WRF-Chem.  
Smoke dispersion prediction simulation using WRF-Chem model have been conducted on  19 June, 25 June, 21 
July, 22 August and 24 August 2013 for Sumatera, on 14 August and 23 August 2013 for Kalimantan. The smoke 
dispersion prediction simulation was performed based on the hotspot distribution from FIRMS. Large number of 
hotspot which appear continuosly is the important indicator for fire where hotspot reflects partly or completely as 
burned area [19]. 
Quantification of maximum CO value from model and satellite data of AIRS was conducted by taking value on 
the location that were exposed to the smoke dispersion, namely in Sumatera Utara, Riau, Sumatera Selatan, Jambi, 
Pontianak, Palangkaraya and Banjarmasin. Verification results of WRF-Chem simulation data with AIRS data is 













Fig 6.Verification results of CO maximum model with AIRS 
Moreover, verification results shows maximum CO from model and satellite observation has the correlation of 
0.61 – 0.98 which shows strong correlation between model and data observation [17] with RMSE values ranges 
from 1.39 – 1.67. Moreover, error value that was obtained from data model and satellite observation  resulted in the 
range from-1.11 to -1.66. In addition, negative error has been found in all dates which indicates that model resuts 
has a low value or underestimate the forecasting of satellite data. 
 
4. Conclusion 
WRF-Chem Model is able to identify smoke dispersion from forest and land fires that fits into MODIS and 
NOAA 18 satellite image and also fits with the observation data of Total Column AIRS NASA. Furthermore, 
verification results of maximum CO of WRF-Chem model and Total Column AIRS NASA data has strong 
correlation coefficient between 0.61 to 0.98, biased results indicate that modelunder forecastingto satellite 
observation data the correlation results shows that model simulation has good prediction results. So that,this model 
can be used for early warning system of smoke dispersion from forest and land fires in Sumatera and Kalimantan. 
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